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ABSTRACT

Background: Fluid dynamics theory, which is a fundamental underlying concept applied to fluid management, has not been introduced to analyze the human
respiratory system. We hypothesized that one of the potential mechanisms that promotes airflow limitation in patients with airway obstructive disease would be

elucidated by using fluid dynamics theory.

Methods: We calculated the values of pressure loss and static pressure change under virtual tracheal stenotic conditions using the fluid dynamics approach.
Results: Under normal conditions, the absolute values of pressure loss and static pressure change are very low. However, once airway stenosis occurs, it is confirmed

that they would be dramatically elevated.

Conclusions: The fluid dynamics approach to airway obstruction is very constructive. The treatment strategy for airway obstruction and the reasons for airflow

limitation are well explained by using this approach.

Introduction

Although fluid dynamics theory is a fundamental underlying con-
cept applied to fluid management, in the field of medicine we have
failed to apply this theory to the respiratory system [1]. On the other
hand, the circulatory system has been well described by this theory [2].
One of the reasons for this may be due to the differences between the
examination procedures used in respiratory versus cardiovascular
medicine. The “dynamic” ultrasound examination has already been
developed for cardiovascular medicine, whereas for respiratory medi-
cine the “static” X-ray and computed tomography (CT) scan are still
primarily used for anatomical assessment and pulmonary function tests
are used for physiological assessment of the respiratory system. Now is
an appropriate time to further the understanding of the respiratory
system by applying fluid dynamics theory.

Hypothesis

One of the potential mechanisms that promote airway collapse in
patients with airway obstructive disease is negative intra-airway static
pressure change during respiration. We hypothesized that negative
intra-airway static pressure change due to high-speed flow would be
elucidated by applying fluid dynamics theory.

Fluid dynamics equations

The continuity equation and the Bernoulli equation for steady
frictionless incompressible flow imply the following:

Q=Au @
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where:

Q is flow rate [m>/s],

A is cross-sectional area [m?],

u is the fluid flow velocity at a point on a streamline [m/s],

p is the static pressure at the chosen point [Pa] (= [N/m?] = [kg/
m-s?]),

p is the density of the fluid at all points in the fluid [kg/m?’],

g is the acceleration due to gravity [m/s?], and

Z is the elevation of the point above a reference plane [m].

When removing the effect of gravity, the following equation is
gained:

+ 1 u? = const
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where “%puz” is known as “dynamic pressure”.

Formula (3) represents the law of conservation of fluid energy in
units of pressure. In considering pressure loss “Ap” due to flow re-
sistance, formula (3) is rewritten as follows:
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where:
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p is the static pressure at the chosen point [kg/m-s?],

o is the density of the fluid [kg/m>],

u is the fluid flow velocity at a point on a streamline [m/s],
subscripts 1 and 2 refer to two positions along a streamline, and
Ap is the pressure loss of fluid from positions 1 to 2 due to flow
resistance.

The Reynolds number “Re” is defined as:

peo UL _ i
u v 5)

where:

p is the density of the fluid [kg/m3],

u is the velocity of the fluid [m/s],

L is a characteristic linear dimension [m],

u is the dynamic viscosity of the fluid [kg/m-s], and
v is the kinematic viscosity of the fluid [m?/s].

Laminar flow occurs at low Reynolds numbers (Re < 2300), where
viscous forces are dominant, and is characterized by smooth, constant
fluid motion. Turbulent flow occurs at high Reynolds numbers
(Re > 2900) and is dominated by inertial forces, which tend to pro-
duce chaotic eddies, vortices, and other flow instabilities.

In a cylindrical pipe of uniform diameter, flowing full, the pressure
loss “Ap” due to viscous effects can be characterized by the
Darcy-Weisbach equation as follows:

I 1 —
Ap = A==
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where:

A is the flow coefficient,

1 is the length of the pipe [m],

d is the diameter of the pipe [m],

o is the density of the fluid [kg/m>], and
u is the mean fluid flow velocity [m/s].

By formula (1), the mean fluid flow velocity “u” in the cylindrical
pipe is calculated as follows:
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Then, formula (6) is rewritten as follows:
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Adding an explanation regarding flow coefficient “A”, for laminar
flows (Re < 2300), it is a consequence of Poiseuille's law as follows:

=&
Re (C))
In this article, for critical or turbulent flows (Re = 2300), “A” is

calculated by using the goal seek function in Excel® from the Colebrook-
White relation as follows:

A

g [, 251
Ja 101371 ° ReJZ (10)
where:

A is the flow coefficient,

¢ is the roughness height of the pipe [m],
d is the diameter of the pipe [m], and

Re is the Reynolds number.
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In a cylindrical pipe, the diameter of the pipe is used as a char-
acteristic linear dimension for calculation of the Reynolds number.
Then, for laminar flows, the following equation is gained by applying
formulas (5), (7)-(9):

128ul
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Formula (11) means that the pressure loss due to flow resistance is
proportional to the flow rate for laminar flow. However, for turbulent
flow, the pressure loss is not proportional to the flow rate and is larger
than that for laminar flow.

It is known that the equations for fluids may be adopted for gases
when the airflow is relatively slow. If the airflow is fast, then the cor-
rection due to the volume compressibility must be taken into con-
sideration. The Mach number is a dimensionless quantity representing
the ratio of flow velocity past a boundary to the local speed of sound.

u
M= 12)

where:

M is the Mach number,
u is the local flow velocity with respect to the boundaries [m/s], and
c is the speed of sound in the medium [m/s].

Whereas all flows are compressible, flows are usually treated as
being incompressible when the Mach number is less than 0.3.
Therefore, in this article, the previously mentioned equations for fluids
are adopted for humid air when the value of flow velocity is less than
100 m/s (because the value of the speed of sound in humid air at 36 °C
is approximately 350 m/s).

Calculations

What would be the values of flow velocity, dynamic pressure,
pressure loss, static pressure change, and the Reynolds number in a
clinical situation of airway obstruction? As an example, a case of a
virtual one-year-old infant, whose body weight is 10 kg, body height is
75cm, crown-rump length is 50cm, tracheal internal diameter is
6.4 mm, forced peak inspiratory flow rate is 30 L/min, and peak in-
spiratory flow rate at rest is 5 L/min, with tracheal stenosis is shown as
a stenotic tracheal model (Fig. 1).

As preconditions,

The value of the humid air density at 36 °C is 1.117 kg/m>.

6.4 [mm]
position 1 Q
¥
_A 10 [mm]
position 2 J‘J'
position 3

Fig. 1. Stenotic tracheal model.
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Fig. 2. Calculation results. Flow velocity at position 2, dynamic pressure at position 2, pressure loss from positions 1 to 2 due to flow resistance, static pressure
change from positions 1 to 2, and the Reynolds number at position 2 are calculated using formulas (5), (7)-(10), and (14). Laminar flow occurs at low Reynolds
numbers (Re < 2300) and turbulent flow occurs at high Reynolds numbers (Re > 2900).

The value of the humid air kinematic viscosity at 36°C is
1.662 x 10> m?/s.

A short segment of the trachea with changeable diameter is con-
sidered and the value of its length is determined as 10mm
(=1.000 x 10™2 m). The segmental trachea shape is considered as a
cylindrical pipe.

During calculations, the value of segmental tracheal diameter is
variable in the range of 1 to 6.4 mm (=1.000 X 10> to 6.400 x 103
m) by intervals of 0.01 mm.

The value of the roughness height of the segmental trachea is
0.1 mm (=1.000 x 10~* m) despite the tracheal diameter.

The value of flow rate is also changed in the range of 5 to 30 L/min
(=8.333 X 107 °t0 5.000 x 10~ * m>/s) by intervals of 5 L/min during
calculations.

The calculated result is regarded as being valid if the value of flow
velocity is less than 100 m/s.

For the virtual trachea of the hypothetical pediatric patient, the

values of flow velocity, dynamic pressure, pressure loss, and the
Reynolds number are calculated using formulas (5), (7)-(10).

The static pressure change “p,” from positions 1 to 2 is defined as
follows:

P.=DP, — P (13)

By formula (4), “p,” is rewritten as follows:
PRI PonC N
pc - 2f3 1 2)0 2 P (14)

The results for flow velocity at position 2, dynamic pressure at po-
sition 2, pressure loss from positions 1 to 2 due to flow resistance, static
pressure change from positions 1 to 2, and the Reynolds number at
position 2 are summarized as graphs (Fig. 2). The schematic chart of
total pressure, which is the sum of static pressure and dynamic pressure,
at positions 1, 2, and 3 is also shown in Fig. 3.



N. Tsuboi, et al.

Medical Hypotheses 132 (2019) 109341

total pressure ( = static pressure + dynamic pressure )

%pﬁf
reference pressure ‘4 ~—

p1

position 1

Fig. 3. Total pressure at positions 1, 2, and 3. Ap is the pressure loss from positions 1 to 2 due to flow resistance. Arrow “a

position 2

[@ dynamic pressure

[ static pressure

position 3

” represents the static pressure change from

positions 1 to 2 and arrow “b” represents the static pressure change from positions 2 to 3.

Discussion

As gas exchange in the human lung occurs through mass transport
by fluids, fluid dynamics is necessary for understanding respiratory
physiology [1]. However, the respiratory system has been modeled
according to an electric circuit analogy [3]. The fluid dynamics ap-
proach has been lacking in the field of respiratory medicine [1],
whereas the approach is used for the circulatory system [2]. The major
problem with the electric circuit model for the respiratory system is that
both the dynamic motions of the airway structure and the changes in
airway resistance are not considered. For laminar flow in a cylindrical
pipe of uniform diameter, by formula (11), the pressure loss is pro-
portional to the flow rate and the proportion coefficient can be thought
of as the resistance of the pipe, as follows:

128ul
R=
d* (15)
where:

R is the resistance of the pipe [kg/m*s],

u is the dynamic viscosity of the fluid [kg/ms],
1 is the length of the pipe [m], and

d is the diameter of the pipe [m].

However, for turbulent flow, the resistance of the pipe is not fixed
while the flow rate is changing. In this article, the values of flow ve-
locity, dynamic pressure, pressure loss, static pressure change, and the
Reynolds number for the virtual trachea of the imaginary pediatric
patient were calculated. In most calculated cases, the Reynolds numbers
were greater than 2900. Turbulent airflow mainly occurs in-
tratracheally, particularly when the airway is stenotic. For these rea-
sons, the electric circuit model of the respiratory system does not fa-
cilitate analysis of airway obstruction.

For laminar flow, the theoretical increase in flow resistance as tube
diameter decreases is obvious, as it is inversely proportional to tube
diameter to the fourth power in the denominator of equation (15). For
turbulent flow, however, it is known that flow resistance becomes even
higher. It was reported that the measured pressure loss with a flow rate
of 30L/min through the endotracheal tubular parts with an internal
diameter (ID) of 6.0 mm and length of 263.8 mm was 3.06 cmH,0, and
for an ID of 8.0 mm and length of 306.5 mm it was 1.02 cmH,O [4].
When correcting for tube length with 8.0 mm ID to be equivalent to
tube length with 6.0 mm ID, the pressure loss of the tube with 8.0 mm
ID was calculated as 0.88 cmH,0. The increase in flow resistance is due
to the tube diameter being raised to the power of 4.34 in this turbulent
flow situation.

Normal measurements for the trachea of children related to crown-
rump length have been reported [5]. The tracheal internal perimeter of

a one-year-old infant with a crown-rump length of 50 cm is estimated to
be approximately 20 mm. Assuming the trachea is circular, the tracheal
diameter is calculated as approximately 6.4 mm. Tracheal diameter of a
one-year-old infant can be also estimated by appropriate endotracheal
tube size for patients of this age. For a one-year-old infant, we choose a
4.5mm ID (6.2 mm outer diameter) uncuffed tube; there is usually a
slight tube air leak. Forced inspiratory and expiratory flows in healthy
young children were previously described [6]. Mean peak inspiratory
flows were approximately 70 L/min in a 3-year-old group, 81 L/min in
a 4-year-old group, 99 L/min in a 5-year-old group, and 115 L/min in a
6-year-old group. It was also reported that the ratio of forced peak in-
spiratory flow rate to forced peak expiratory flow rate in all these
groups was 0.67:1. It seems difficult to measure forced inspiratory and
expiratory flow in younger healthy infants. However, forced expiratory
flow could be measured by forced expiratory maneuvers for infants, and
it was reported that forced expiratory flow measured at 50% expired
volume (FEFs) was highly correlated with body length [7]. For ex-
ample, FEFs, in a one-year-old infant who was 75 cm tall was estimated
to be approximately 42 L/min. If the ratio of forced peak inspiratory
flow rate to forced peak expiratory flow rate is also 0.67:1 in a one-
year-old infant, then forced peak inspiratory flow would be calculated
as approximately 28 L/min. Inspiratory and expiratory flow at rest in a
one-year-old infant who is 10 kg in weight can be estimated as follows.
Assuming that the normal tidal volume at rest is approximately 60 mL
(6 mL/kg), inspiratory time of one respiratory cycle is 0.6 s, expiratory
time of one respiratory cycle is 1.4s, and the infant breathes at an
average flow rate, inspiratory and expiratory flows are calculated as
6 L/min and 2.6 L/min, respectively. Therefore, the ranges of input flow
parameters used and the obtained results of simulations can refer to real
clinical values under normal and exercise airflow conditions.

Under normal conditions (not stenotic conditions), the absolute
values of pressure loss and static pressure change in the tracheal lumen
made by humid air are very low. However, if once tracheal stenosis
occurs, they would be dramatically elevated (Fig. 2). A negative static
pressure change large in absolute value may cause collapse of the
airway. That is the reason for tracheal collapse during respiration in
patients with tracheomalacia.

The respiratory driving pressure is theoretically divided into the
pressure consumed through the airway and the pressure used for ex-
panding the lung. (Note: the pressure consumed through the airway is
“pressure loss” and not “static pressure change.”) To maintain the flow
rate despite increasing pressure loss, a higher driving pressure would be
necessary. In other words, if driving pressure were not changing as the
airway becomes thinner, the flow rate would be limited. During re-
spiration at rest in a healthy human, before inspiration begins, the
pressure in the pleural space is —5 cmH,0, and at end-inspiration, it
reaches approximately —-10 cmH,0. The normal respiratory driving
pressure is approximately 5 cmH,O. In our calculations, pressure loss
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Fig. 4. Flow rate averaged ventilation. The curves of flow rate, volume, and
pressure during a respiratory cycle in the conceptual ventilation mode “flow
rate averaged ventilation” are shown.

becomes higher than 5 cmH,O in rapid airflow when the tracheal
diameter is less than approximately 3 mm for a hypothetical pediatric
patient; this may cause clinically significant problems.

By using formulas (8) and (14), developing a treatment strategy for
airway obstruction can be explained as follows:

a. Adding additional pressure to overcome pressure loss and negative
static pressure change
We have traditionally added positive airway pressure for these pa-
tients by using a ventilator, non-invasive positive pressure ventila-
tion, and high-flow nasal cannula.

b. Decreasing inspiratory gas density
Using a low-density gas (e.g., Heliox®) may be useful for these pa-
tients.

c. Decreasing airflow rate
It is known that light sedation is effective to relieve symptoms for
pediatric patients who suffer from respiratory distress due to airway
stenotic disease such as croup or tracheomalacia. Although sedatives
may have adverse effects on upper airway patency, the decreasing
flow rate would lead to decreasing pressure loss, and prevent the
airway from collapsing by the decreasing absolute value of the static
pressure change. Because it is difficult for pediatric patients to
breathe slowly while they have respiratory distress, light sedation is
especially effective for them.

d. Expanding the airway
We also use airway-expanding agents for patients with airway ob-
struction.

e. Bypassing the stenotic point or hardening the airway
Endotracheal tubes are so rigid that they would not become thinner
even if the intra-tube pressure drops. However, a thin and long
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endotracheal tube would create pressure loss.

For a pediatric patient with tracheomalacia whose trachea is col-
lapsing during respiration, high positive end expiratory pressure (PEEP)
therapy (approximately 10 cmH,0) is introduced. However, there are
some patients for whom high PEEP therapy is not effective. In these
patients, negative static pressure change due to increasing dynamic
pressure is so large that additional PEEP cannot overcome the negative
static pressure change. Fig. 2 demonstrates that the absolute value of
static pressure change shows results up to 60 cmH,0 when the airway is
severely stenotic.

The large negative static pressure change may play a role in the
incidence of airway oedema, such as post-extubation laryngeal oedema.
It may cause fluid aspiration to the oedematous area, thus increasing
the oedema and tightening the airway. It is known that post-extubation
laryngeal oedema often occurs some minutes after extubation [8].

It was reported that between two groups of adult patients with
chronic obstructive pulmonary diseases (COPD), nearly half of them
had collapsed tracheas during their respiration [9,10]. It was thought
that tracheomalacia coexisted with COPD in these patients. Kitaoka
excellently explained tracheal collapse in COPD patients by fluid dy-
namics [1]. The combination of positive pressure from over-inflated
lungs in COPD compressing the tracheal wall from the outside after the
beginning of expiration and the negative intratracheal static pressure
change made by rapid expiratory flow make the trachea collapse. Ki-
taoka also confirmed this phenomenon by dynamic 3D-CT and re-
marked that the collapsed part was the membranous portion of the
trachea. This phenomenon is due to high-speed airflow through the
trachea and is never observed by the usual static CT images taken under
breath-hold conditions.

The critical clinical situation is at the moment of the airway collapse
due to negative static pressure change overcoming the rigidity of
airway structure. Therefore, if the airway structure is not firm, as in
tracheomalacia, the small negative static pressure change may cause
airway collapse. Once an airway collapses, airflow would be limited,
but flow velocity would not decrease due to the cross-sectional area of
the stenotic airway becoming smaller. Under these conditions, airway
collapse would not be reversed until the airflow stops.

Higher respiratory driving pressure, as occurs when crying, during
forced respiration, and in any ventilatory high-pressure setting, may
result in critical dynamic pressure generating airway collapse. For
ventilated patients with severe airway obstruction who require pa-
ralysis by neuromuscular blockage, the ventilatory strategy of mini-
mizing both inspiratory and expiratory peak flow rates may be ad-
vantageous because it results in minimizing the absolute values of
pressure loss and static pressure change through the airway. We named
the new conceptual ventilation mode “flow rate averaged ventilation”
(Fig. 4).

Retractive breathing seen in patients with airway obstructive dis-
eases is due to limitation of airflow. Retraction occurs when the in-
trathoracic pressure becomes excessively negative compared with the
atmospheric pressure and is caused by limitation of airflow. When
considering limitation of airflow, the pressure loss through the airway
and the dynamic changes in the airway structure may play important
roles. It is therefore difficult to accurately understand respiratory
physiology without the fluid dynamics theory.

Limitations

This article has several limitations. First, the minor pressure losses
in such components as expansion, contraction, bends, and others were
not considered. However, it is known that the minor pressure losses are
proportional to the dynamic pressure in the flow. Therefore, even if the
minor pressure losses had been considered, the treatment strategy
would not have changed. Second, we had no actual patient data for this
article.
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Conclusions

The fluid dynamics approach to airway obstruction is very con-
structive. The treatment strategy for airway obstruction and the reasons
for airflow limitation are well explained by using this approach.
Role of the funding source

No external funding has been received for this work.
Declaration of Competing Interest

There are no conflicts of interest to declare.

Acknowledgment

We wish to thank the medical editors from the Division of Education
for Clinical Research at NCCHD, Japan for editing this manuscript.

References

[1] Kitaoka H. Reconstruction of respiratory physiology based on flow dynamics. J Fluid

Medical Hypotheses 132 (2019) 109341

Sci Tech 2018;13(4):JFST0023.

Itatani K, Miyazaki S, Furusawa T, et al. New imaging tools in cardiovascular med-

icine: computational fluid dynamics and 4D flow MRI. Gen Thorac Cardiovasc Surg

2017;65(11):611-21.

[3] Mead J. Contribution of compliance of airways to frequency-dependent behavior of
lungs. J Appl Physiol 1969;26(5):670-3.

[4] Takasugi Y, Futagawa K, Kazuhara K, Morishita S, Okuda T. Roles of endotracheal
tubes and slip joints in respiratory pressure loss: a laboratory study. J Anesth
2016;30(5):789-95.

[5] Wailoo MP, Emery JL. Normal growth and development of the trachea. Thorax

1982;37(8):584-7.

Vilozni D, Efrati O, Barak A, Yahav Y, Augarten A, Bentur L. Forced inspiratory flow

volume curve in healthy young children. Pediatr Pulmonol 2009;44(2):105-11.

[7] Jones M, Castile R, Davis S, et al. Forced expiratory flows and volumes in infants.
Normative data and lung growth. Am J Respir Crit Care Med 2000;161(2 Pt
1):353-9.

[8] Frangois B, Bellissant E, Gissot V, et al. 12-h pretreatment with methylprednisolone
versus placebo for prevention of postextubation laryngeal oedema: a randomised
double-blind trial. Lancet 2007;369(9567):1083-9.

[9] Ernst A, Odell DD, Michaud G, Majid A, Herth FFJ, Gangadharan SP. Central airway
stabilization for tracheobronchomalacia improves quality of life in patients with
COPD. Chest 2011;140(5):1162-8.

[10] Sverzellati N, Rastelli A, Chetta A, et al. Airway malacia in chronic obstructive

pulmonary disease: prevalence, morphology and relationship with emphysema,
bronchiectasis and bronchial wall thickening. Eur Radiol 2009;19(7):1669-78.

[2

[6


http://refhub.elsevier.com/S0306-9877(19)30407-4/h0005
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0005
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0010
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0010
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0010
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0015
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0015
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0020
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0020
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0020
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0025
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0025
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0030
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0030
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0035
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0035
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0035
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0040
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0040
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0040
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0045
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0045
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0045
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0050
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0050
http://refhub.elsevier.com/S0306-9877(19)30407-4/h0050

	Fluid dynamics approach to airway obstruction
	Introduction
	Hypothesis
	Fluid dynamics equations
	Calculations
	Discussion
	Limitations
	Conclusions
	Role of the funding source
	mk:H1_9
	Acknowledgment
	References




